Purpose Annulus fibrosus (AF) tissue engineering is gathering increasing interest for the development of strategies to reduce recurrent disc herniation (DH) rate and to increase the effectiveness of intervertebral disc regeneration strategies. This study evaluates the use of a bioactive microfibrous poly(L-lactide) scaffold releasing Transforming Growth Factor (TGF)-b1 (PLLA/TGF) for the repair and regeneration of damaged AF. Methods The scaffold was synthesized by electrospinning, with a direct incorporation of TGF-b1 into the polymeric solution, and characterized in terms of morphology and drug release profile. Biological evaluation was performed with bovine AF cells (AFCs) that were cultured on the scaffold up to 3 weeks to quantitatively assess glycosaminoglycans and total collagen production, using bare electrospun PLLA as a control. Histological evaluation was performed to determine the thickness of the deposited neo-ECM. Results Results demonstrated that AFCs cultured on PLLA/TGF deposited a significantly greater amount of glycosaminoglycans and total collagen than the control, with higher neo-ECM thickness. Conclusions PLLA/TGF scaffold induced an anabolic stimulus on AFCs, mimicking the ECM three-dimensional environment of AF tissue. This bioactive scaffold showed encouraging results that allow envisaging an application for AF tissue engineering strategies and AF repair after discectomy for the prevention of recurrent DH.
Introduction
Lumbar disc herniation (DH) has a lifetime prevalence of 1-3% in Western Countries [1] . Although standard discectomy is an effective treatment in relieving neurological symptoms, it deeply changes the biomechanics of the spinal functional unit. Indeed, it causes significant nucleus pulposus (NP) loss and intervertebral disc (IVD) height reduction. These modifications lead to functional changes of the disc that limit its role as a shock absorber [2] . As a consequence, degenerative spondylosis occurs in association with the reappearance of low back pain after surgery. Kambin et al. [3] reported a 39% rate of degenerative postdiscectomy spondylosis. Another complication after discectomy is the high rate of DH recurrence, affecting up to 12.5% of patients [4] , with a re-surgery rate ranging from 3 to 15% [5, 6] .
Exciting advances in the field of tissue engineering have allowed spine researchers to begin developing novel therapeutic approaches in an attempt to intervene in and modulate the course of IVD degeneration by repairing, replacing or regenerating the herniated or degenerated NP [7] [8] [9] [10] . However, these strategies are ineffective without a functional annulus fibrosus (AF) able to withstand the physiological intradiscal pressure. Therefore, new strategies to augment, repair, or regenerate AF are strongly needed with the attempt to both reduce recurrent DH rate and increase the effectiveness of NP regenerative strategies.
Tissue engineering combines cells and scaffolds with features ranging from micro-to nanoscale and high porosity, resembling the natural extracellular matrix (ECM) arrangement, to produce specific tissues. Among the available technologies for scaffolds fabrication, electrospinning is gaining growing interest for its ability to produce micro-and nanofibrous structures, which represent an ideal microenvironment for cell adhesion, proliferation, and differentiation [11] . Moreover, electrospinning process allows scaffold functionalization, by encapsulation of different bioactive agents, which can modulate the activity of seeded cells. A number of molecules can be delivered, including antibiotics, anticancer drugs, and proteins [12, 13] . Bioactive nanoparticles dispersed in electrospun microfibers have demonstrated a capacity to modulate the differentiation of human mesenchymal stem cells (hMSCs) [11] .
AF tissue engineering approaches have evaluated AF cells seeded in several types of 3D hydrogels or scaffolds [7, [14] [15] [16] [17] [18] . These studies have demonstrated that AF cells proliferate in 3D culture and synthesize ECM, reconstituting the histological structure of native tissue. Since degeneration of IVD tissue components reflects an imbalance in the normal anabolic and catabolic functions of IVD cells, regeneration of AF tissue might be mediated by enhancing anabolic signals. Researchers have demonstrated that bioactive agents, such as Transforming Growth Factor Beta 1 (TGF-b1), are able to increase AF cell proliferation and ECM production, stimulating secretion and assembly of glycosaminoglycans and collagen [19, 20] .
In this study, we propose the use of a bioactive electrospun scaffold releasing TGF-b1 for AF repair and regeneration. The objective is to assess viability of bovine AF cells onto randomly oriented electrospun poly(L-lactide) (PLLA) fibers functionalized with TGF-b1 and to evaluate growth factor release over time and ECM production by bovine AF cells under that stimulus.
Methods
Scaffold preparation and characterization TGF-b1-functionalized PLLA scaffolds (PLLA/TGF) were prepared by electrospinning, starting from 13% w/w PLLA (Sigma, MO, USA) solution in dichloromethane (Sigma). TGF-b1 (Sigma) was added to the polymer solution at a concentration of 20 ng per gram of PLLA. An electrospinning equipment was used (DynaSpin, Biomatica, Italy); the solution was fed at a rate of 1.5 mL/h through a 28G needle kept at a high potential (15 kV) versus an earthed collector placed at a distance of 15 cm. Bare PLLA scaffolds (without TGF-b1 addition, PLLA/Ctrl) were obtained in the same experimental conditions to be used as a control. Microstructure of membranes was evaluated by Field Emission Scanning Electron Microscopy (FE-SEM) (Supra 1535; LEO Electron Microscopy, UK). Drug release from the scaffolds was also evaluated. PLLA/TGF scaffold were placed in phosphate buffered saline (PBS) and incubated at 37°C. Supernatant were timely collected and TGF-b1 concentration was quantified by means of an ELISA test (hTGF-b1 Instant ELISA, Bender MedSystems, CA, USA), in accordance with the manufacturer's instructions. Absorbance was read on a microplate reader (Tecan, Männedorf, CH) at 450 nm with correction at 620 nm.
Cell isolation
A bovine tail was obtained from a local abattoir. Tail discs were removed from the vertebrae under sterile conditions and dissected into NP and AF. AF tissue was digested following an already established procedure by 0.2% pronase digestion (Calbiochem, CA, USA) for 90 min and subsequent 0.01% collagenase type 2 (Worthington, UK) digestion overnight. The digest was filtered and AF cells cultured with F-12 with 10% fetal bovine serum (FBS; Gibco), 1% penicillin/streptomycin (P/S; Gibco), and 1% glutamine (Gibco) at 37°C in a 5% CO 2 humidified atmosphere and expanded in monolayer up to Passage 2.
Cytotoxicity assays
Bovine AF cells (AFCs) were plated in a 96-well plate (BD Falcon, San Jose, CA, USA) at a density of 1910 4 cells/well and cultured in growing medium for 24 h. PLLA/TGF or PLLA/Ctrl scaffolds were then selectively added to each well. Scaffold cytotoxicity was assessed at 4, 8, and 24 h using Vybrant Cytotoxicity Assay Kit (Molecular Probes, Invitrogen) following manufacturer's instructions. Plate was read on a fluorescence microplate reader (Tecan, excitation 535 nm, emission 595 nm). Data were normalized against cell lysates.
Seeding and culture AF cells on the scaffolds PLLA/TGF and PLLA/Ctrl scaffolds were punched out to disks 6 mm in diameter, UV sterilized (20 min), and placed into a 96-well low-adhesion plate (Ultra Low Attachment Plate, Corning, USA). AFCs were seeded at a density of 5910 5 cell/cm 2 on PLLA/TGF or PLLA/Ctrl scaffolds using a static seeding technique. Constructs were cultured for 21 days in standard conditions and medium changes. Additionally, monolayer cultures of AFC on conventional plasticware were performed and exposed to the elution products of PLLA/TGF and PLLA/Ctrl scaffolds. Cells were seeded at the density of 1.8910 5 
Glycosaminoglycan content
The glycosaminoglycans (GAG) were extracted from the bAFC cultures by adding 200 lL of papain digestion buffer (50 mM phosphate buffer, 5 mM EDTA, 5 mM cysteineÁHCl and 0.25 mg/mL papain) to each well, followed by incubation at 60°C overnight. The standard curve was from chondroitin-6-sulfate (Sigma). The papain buffer containing the proteoglycans was collected and 1,9-dimethyl-methylene blue (DMMB) added. The total GAG content was measured quantitatively using an optical density plate reader (at 540 and 595 nm, Tecan). Results were normalized by DNA content.
Collagen content
Samples were fixed in absolute ethanol for 3 min, washed and stained with Sirius Red staining solution (0.1% Sirius Red in sat. aqueous picric acid) at 37°C for 18 h. After incubation, excess staining was removed by washing, and a 0.1 M NaOH solution in absolute methanol was added into each well. Final solution from each sample was read on a plate reader at 490 nm (Tecan). Results were normalized by DNA content.
Histology evaluation
Cell/scaffold constructs were fixed in PFA, embedded in OCT compound (Fisher Scientific, Canada), snap frozen, and cryosectioned with a thickness of 7 lm. Sections were stained with hematoxylin/eosin (Sigma) and analyzed qualitatively under a light microscope (Olympus BX51, Japan); 10 images at 409 magnification were acquired every 600 lm for the overall length of the membrane to evaluate the thickness of the neo-ECM synthesized. Measurements were taken in three different points of the constructs on each slide (ImageJ ver. 1.44, NIH, USA).
Statistical analysis
Experiments were conducted in quintuplicate at the same experimental conditions. Data were processed using SPSS (Version 13.0). Student's t test was performed to compare experimental and control groups. Significance was at the 0.05 level. Data are presented as mean ± standard deviation.
Results

Scaffolds characterizations
Electrospun scaffolds consisted of a non-woven porous mesh with randomly oriented fibers, but significant differences in fibers morphology could be found between the two groups ( Fig. 1) . PLLA/Ctrl fibers were micron-sized (average diameter 1.5 ± 0.9 lm) and showed an intrinsic porosity, with elongated pores sized around 100 nm. PLLA/TGF scaffolds, instead, showed smaller diameter (average diameter 620 ± 170 nm) fibers. Detectable concentrations of TGF-b1 assessed by ELISA were measured only after 4 days, and cumulative release reached a plateau after day 7 (Fig. 2) .
Cell viability
The evaluation of the release of the cytosolic enzyme G6PD from damaged bovine AFCs into the surrounding medium after cell exposure to PLLA/TGF and PLLA/Ctrl scaffolds showed cell viability higher than 95% at each time point (Fig. 3) .
ECM content
Results of GAG quantification are shown in Fig. 4a , normalized with respect to DNA content (lg GAG /lg DNA ).
GAG content in PLLA/TGF constructs was significantly higher than the one reported for PLLA/Ctrl (2.68 ± 0.23 vs. 1.4 ± 0.24 lg GAG /lg DNA , p \ 0.05).
Similar trend was reported for 2D control cultures of AFCs performed in the presence of the scaffolds. GAG content was significantly higher for AFCs exposed to PLLA/TGF compared with PLLA/Ctrl (Fig. 4b) .
A significantly higher level of total collagen production was observed in PLLA/TGF constructs compared with PLLA/Ctrl (p \ 0.05) expressed in terms of absorbance and normalized versus DNA content (Fig. 5a) . Similarly, in 2D control cultures, total collagen production was significantly higher for AFCs culture exposed to PLLA/TGF with respect to PLLA/Ctrl control (p \ 0.05) (Fig. 5b) .
Histological analysis H&E staining showed the presence of neo-ECM produced on the both sides of the scaffolds (Fig. 6a, b) . Qualitative analysis of the samples shows that AFCs produced a higher amount of neo-ECM on PLLA/TFG constructs with respect to PLLA/Ctrl. Thickness of neo-synthesized ECM on the scaffold surface was measured by image analysis. ECM thickness on PLLA/Ctrl constructs was 18.72 ± 7.26 lm, while its value on PLLA/TGF constructs was 48.90 ± 16.05 lm (Fig. 5c) , representing a significant difference (p \ 0.05).
Discussion
To date, several scaffolds have been described targeting AF tissue replacement. Nerurkar et al. [18] analyzed an electrospun aligned nanofibrous PCL scaffold using bovine AFCs in vitro. The authors showed that AFCs oriented along the fibers and exhibited some physiological behavior of AF lamellae in the loaded construct. Furthermore, Gruber et al. [16] showed that culture of human AFCs on electrospun polyamide nanofibers is permissive for secretion and assembly ECM components. Recently, a new study of Nerurkar et al. [17] described a nanofibrous laminate that replicated the micro-architecture and tensile properties of AF. Furthermore, those authors showed the role of inter-lamellar ECM in reinforcing the tensile response of biologic laminates. Given the importance of the quantity and quality of ECM production in AF tissue engineering, the use of scaffolds providing biomolecular signals for AF regeneration could be beneficial. In the present study, we aim to demonstrate the role played by TGF-b1 released by an electrospun scaffold in the production of ECM.
Morphological characterization of the scaffolds performed by FE-SEM revealed substantial changes in fiber morphology between PLLA/TGF and PLLA/Ctrl. In functionalized scaffolds, addition of the drug modified solution parameters (e.g. viscosity and conductivity), affecting the electrospinning process, and leading to thinner fibers. Additionally, PLLA/Ctrl fibers were characterized by an intrinsic porosity, attributable to a phase separation process during solvent evaporation [21] , which was less evidenced in PLLA/TGF samples. Results of the drug release assay performed on PLLA/TGF scaffold showed that eluted drug reached a detectable concentration on day 5, and cumulative release profile reached a plateau on day 7. The slightly diminishing value reported at day 21 could be ascribed to protein denaturation. AFCs demonstrated good viability when cultured on either electrospun PLLA/TGF or PLLA/Ctrl scaffolds, thanks to the micro-architecture of fibers, able to mimic the ECM morphology and provide a suitable substrate for cell adhesion. However, cells seeded on functionalized scaffolds produced a higher amount of GAG and collagen, confirming the anabolic effect of TGF-b1 in terms of ECM synthesis. Histological analysis showed that the neo-synthesized ECM layer on PLLA/TGF scaffolds was thicker than the control, as indicated by image analysis on histological sections.
It is well known that surface topography, stiffness, and scaffold porosity play a critical role in cell behavior and tissue growth [22] . To evaluate the potential role of differences in scaffold morphology (PLLA/TGF vs. PLLA/ Ctrl) on AFC anabolism, cells were also cultured in monolayer and exposed to the scaffolds, without any direct contact. We observed a significant increase in both GAG and collagen content on cells exposed to PLLA/TGF compared with PLLA/Ctrl. Such results confirm that the anabolic effect on AFCs has to be attributed to the release of TGF-b1, rather than to slight differences in scaffold microstructure.
In a clinical setting, such a scaffold might be used after discectomy to cork the hole in AF left after DH and surgical procedure. The scaffold might either be sutured or fixed with fibrin glue or other biological glue materials. This bioactive scaffold might also be associated with NP tissue engineering strategies for the treatment of IVD degeneration. In fact, NP replacement therapies could be destined to fail, when used without specific approaches addressed to repair damaged AF, since a regenerated NP must support the physiological intradiscal pressure thanks to a competent AF. Moreover, it has been recently reported that cell therapeutic approaches for IVD still suffer of celltransfer effectiveness such as cell leakage after intradiscal injection [23, 24] . Therefore, AF sealing and regeneration technologies appear to be important fields of investigation in the way to develop a stem cell-based approach for IDD treatment.
While the use of AFCs in an in vitro environment allows studying the effect of the scaffold on cell activity, the use of AFCs for IVD tissue engineering may be questioned, since they are difficult to harvest, and require multi-step surgical procedures. Moreover, extensive in vitro culturing of AFCs may lead to cell dedifferentiation and cell senescence [25] . An attractive alternative for AF tissue engineering would be the use of hMSCs. However, while hMSCs can differentiate in NP cells [8, 10, 26] , differentiation into AFCs has not been demonstrated yet. Sobajima et al. [27] showed that, 24 weeks after MSCs transplantation in normal rabbit disc, MSCs were localized in the inner AF, where they exhibited an apparent change in morphology to a spindle shape more similar to native AFCs. Indeed, further studies are needed to evaluate the MSC regenerative capacity for AF repair. However, the association with progenitor cells opens new perspectives in the development of tissue-engineered constructs able to regenerate a tissue deficit in a degenerated or damaged AF.
Conclusion
This study demonstrated that a poly(L-lactide) electrospun scaffold functionalized with TGF-b1 was able to provide sustained release of the growth factor and to induce an anabolic stimulus on AFCs, while mimicking the ECM three-dimensional environment of the AF tissue. These positive results allow envisaging a potential application of the developed scaffold in tissue engineering strategies for the treatment of degenerated IVD, including repair of damaged AF and prevention of recurrent DH.
